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Alzheimer’s disease (AD) is the most prevalent form of
dementia among the elderly. Although the underlying
cause has yet to be established, numerous data have
shown that oxidative stress is implicated in AD as well
as in preclinical stages of AD, such as mild cognitive
impairment (MCI). The oxidative stress observed in
brains of subjects with AD and MCI may be due, either
fully or in part, to increased free radicals mediated
by amyloid-b peptide (Ab). By using double human
mutant APP/PS-1 knock-in mice as the AD model,
the present work demonstrates that the APP/PS-1
double mutation results in elevated protein oxidation
(as indexed by protein carbonyls), protein nitration (as
indexed by 3-nitrotyrosine), as well as lipid peroxidation
(as indexed by protein-bound 4-hydroxy-2-nonenal)
in brains of mice aged 9 months and 12 months.
APP/PS-1 mice also exhibited lower levels of brain glutathione peroxidase (GPx) in both age groups studied,
whereas glutathione reductase (GR) levels in brain were
unaffected by the mutation. The activities of both of
these antioxidant enzymes were signiﬁcantly decreased
in APP/PS-1 mouse brains, whereas the activity of
glucose-6-phosphate dehydrogenase (G6PDH) was
increased relative to controls in both age groups. Levels of peptidyl prolyl isomerase 1 (Pin1) were signiﬁcantly decreased in APP/PS-1 mouse brain aged 9 and
12 months. Administration of N-acetyl-L-cysteine
(NAC), a glutathione precursor, to APP/PS-1 mice via
drinking water suppressed increased protein oxidation
and nitration and also signiﬁcantly augmented levels
and activity of GPx in brain from both age groups. Oral
administration of NAC also increased the diminished
activity of GR and protected against lipid peroxidation
in brains of 9-month-old APP/PS-1 mice only. Pin1
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levels, GR levels, and G6PDH activity in brain were
unaffected by oral administration of NAC in both age
groups. These results are discussed with reference to
the therapeutic potential of this brain-accessible glutathione precursor in the treatment of MCI and
AD. VC 2010 Wiley-Liss, Inc.
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Alzheimer’s disease (AD) affects more than 5 million Americans, including 50% of people aged 85 years
or older. There is no effective therapy for the treatment
of this dementing disorder. Pathological characteristics of
AD include the presence of senile plaques composed of
a core of aggregated amyloid-b peptide (Ab) surrounded
by dystrophic neurites, neuroﬁbrillary tangles composed
of hyperphosphorylated tau protein, and synapse loss
(Katzman and Saitoh, 1991; Bosetti et al., 2002). Pathophysiologically, a free radical-mediated oxidative stress
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hypothesis for AD has gained considerable attention
(Hensley et al., 1995; Markesbery and Lovell, 1998; Butterﬁeld et al., 2001; Butterﬁeld and Lauderback, 2002).
In AD brain, oxidative stress is indexed by signiﬁcant
protein oxidation (Butterﬁeld and Lauderback, 2002),
DNA and RNA oxidation (Mecocci et al., 1993; Lovell
et al., 1999; Nunomura et al., 1999; Wang et al., 2005),
lipid peroxidation (Markesbery and Lovell, 1998;
Lauderback et al., 2001), and neuronal dysfunction or
death. Increased production of reactive oxygen species
(ROS) along with depletion of endogenous antioxidants
is observed in AD (Beckman and Ames, 1998). Consistently with this observation, a-tocopherol (vitamin E)
administration to AD patients delayed disease progression
compared with placebo-treated subjects (Sano et al.,
1997), suggesting that oxidative stress-mediated AD
pathogenesis conceivably can be altered by antioxidant
therapy.
It has been well documented that Ab(1–42) is
involved in AD pathogenesis. Our laboratory was instrumental in demonstrating that Ab(1–42) mediated oxidative stress in brain in vivo (Butterﬁeld et al., 2001).
Based on these studies, a mouse model showing accelerated human Ab(1–42) deposition in brain has been used
to study the oxidative stress parameters and potentials of
various antioxidants as therapeutics for mild cognitive
impairment (MCI), arguably the earliest form of AD
itself. This mouse model, commonly referred to as the
APP/PS-1 model, uses knock-in technology to humanize
the mouse Ab sequence (NLh) and create a P to L
mutation of codon 264 of presenilin-1 (PS1), a mutation
identiﬁed in familial AD (FAD; Reaume et al., 1996;
Siman et al., 2000). APP/PS-1 mice showed increased
Ab production and accelerated amyloid deposition in
the brain (Borchelt et al., 1997; Anantharaman et al.,
2006). These mice demonstrate Ab deposits at 9
months of age and frank plaques at 12 months of age
(Anantharaman et al., 2006). Previous studies from our
laboratory have shown that brains from APP/PS-1 mice
have increasingly elevated oxidative stress over ages of
1–15 months (Abdul et al., 2008). In addition, neurons
from APP/PS-1 mice have increased basal protein oxidation and lipid peroxidation and are more vulnerable
to oxidation by exogenous oxidants compared with
neurons from wild-type mice (Mohmmad Abdul et al.,
2006). These studies suggest that APP/PS-1 mice can
be used as a model of FAD, which is characterized by
Ab(1–42)-mediated oxidative stress (Butterﬁeld et al.,
2006a).
Consistent with oxidative stress, depletion of glutathione (GSH), an intracellular antioxidant, is known to
be involved in several neurodegenerative disorders,
including AD (Benzi and Moretti, 1995; Markesbery,
1997; Butterﬁeld et al., 2002). Decreased intracellular
GSH levels or decreased GSH accompanied by a concomitant increase in the oxidized form of GSH, glutathione disulﬁde (GSSG), may index and/or cause oxidative
stress. Increased levels of endogenous GSH by dietary or
pharmacological intake of GSH precursors or mimetics
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protect the brain against oxidative stress (Anderson and
Luo, 1998; Pocernich et al., 2000, 2001; Halliwell,
2001; Butterﬁeld et al., 2001; Butterﬁeld, 2002; Ansari
et al., 2006). Considering the importance of developing
new antioxidant compounds and the relevance of their
application in the treatment of neurodegenerative disease, we focused our attention on the glutathione precursor N-acetyl cysteine (NAC).
NAC is an FDA-approved drug typically used in
the treatment of acetaminophen-mediated liver toxicity
(Prescott et al., 1977). NAC provides cysteine, the ratelimiting substrate in GSH synthesis (Dringen and Hamprecht, 1999). NAC can act as an antioxidant by raising
intracellular levels of cysteine or by direct scavenging of
ROS. NAC signiﬁcantly increased endogenous GSH
levels in vivo in cortical synaptosome cytosol (Pocernich
et al., 2000, 2001). Previous studies from our laboratory
have shown that NAC can partially protect brainderived membrane proteins against peroxynitrite-induced
damage (Koppal et al., 1999). In another study, NAC
protected the brain against oxidative damage induced by
3-nitropropionic acid (Fontaine et al., 2000). In ageaccelerated SAMP8 mice, NAC reverses memory
impairment and diminishes brain oxidative stress (Farr
et al., 2003). Apart from its antioxidant properties, NAC
has been shown to improve neuron survival in the CA1
region of the hippocampus following ischemic-reperfusion injury (Zhang et al., 2003). NAC can also function
as a transcription factor and can rescue neurons from
apoptotic death by activation of the Ras-ERK pathway
(Yan and Greene, 1998). NAC reduces inﬂammatory
symptoms in brain by direct inhibition of nuclear factorjB and blocking production of nitric oxide (NO) from
both inducible nitric oxidase synthase (iNOS) and
inﬂammatory cytokines (Pahan et al., 1998).
The current study was designed to determine
whether in vivo NAC would protect the brain from
APP/PS-1 knock-in mice against human Ab-mediated
oxidative stress. NAC was orally administered to 4- and
7-month-old mice for 5 months each to determine
whether earlier antioxidant intervention would be
advantageous compared with later administration. The
time points were selected to test the hypothesis that
NAC would be more effective against oxidative stress if
administered prior to Ab deposition compared with
prior to formation of amyloid plaques.

MATERIALS AND METHODS
Chemicals
All the chemicals were purchased from Sigma-Aldrich
(St. Louis, MO), unless stated otherwise. The OxyBlot kit
used for protein carbonyl determination was purchased from
Intergen (Purchase, NY). The primary antibody for the lipid
peroxidation product, 4-hydroxy-2-nonenal (HNE), bound to
proteins was purchased from Alpha Diagnostics (San Antonio,
TX). The primary antibody for GPx was purchased from
Chemicon (Temecula, CA). Transfer membranes for Western
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blot and slot blot were purchased from Bio-Rad (Hercules,
CA).
Animals
For this study, male wild-type (WT) and APP/PS-1
mice, approximately 30 g in size, housed in the University of
Kentucky Central Animal Facility under 12-hr light/dark conditions and fed standard Purina rodent laboratory chow ad
libitum were used. The animal protocols were approved by
the University of Kentucky Animal Care and Use Committee.
The APP/PS-1 mice used were the APPNLh/APPNLh 3
PS-1P264L./PS-1P264L. double mutant generated by using the
Cre-loc knock-in technology (Cephalon, Westchester, PA) to
humanize the mouse Ab sequence and to create a PS-1 mutation identiﬁed in human FAD (Reaume et al., 1996; Siman
et al., 2000). These mice yield proper cleavage of APP to produce human Ab. Gene expression as a result of crossing APP
(NLh) and PS-1 (P264L) knock-in mice is driven by endogenous promoters of the APP and PS-1 genes; therefore, expression is limited by replacement of these genes and not by the
expression of multiple transgenes (Anantharaman et al., 2006).
Treatments
Mice were divided into four groups. A group of WT
and APP/PS-1 mice received drinking water, and another
group of WT and APP/PS-1 mice received drinking water
containing NAC (2 mg/kg/day) for a period of 5 months. A
0.001% solution of NAC in water (pH adjusted to 7.2 by
NaOH) was prepared and given to mice. Water was changed
every other day for 5 months. Approximately 4–5 ml of water
was consumed per mouse per day, which gives a cumulative
dose of 2 mg/kg per mouse per day, not accounting for spills.
The NAC treatment was started at 4 months of age or at
7 months of age. The dose of NAC was chosen based on
prior studies (Andreassen et al., 2000). After 5 months of
NAC treatment, mice were euthanized, and brains were isolated and ﬂash frozen in liquid nitrogen.
Preparation of Brain Homogenate
Brains were thawed and placed in ice-cold lysing buffer
containing 4 lg/ml leupeptin, 4 lg/ml pepstatin, 5 lg/ml
aprotinin, 2 mM ethylenediaminetetraacetic acid (EDTA),
2 mM ethylene glycol-bistetraacetic acid (EGTA), and
10 mM 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid
(HEPES), pH 7.4. The brains were homogenized by 20 passes
of a Wheaton tissue homogenizer, and the resulting homogenate was centrifuged at 2,000g for 10 min to remove debris.
An aliquot of whole-brain homogenate was taken for slot blot
analysis, whereas the supernatant was used for enzyme activity
assays and protein level determination. Homogenized samples
were assayed for protein concentration by the Pierce BCA
method.
Protein Carbonyls
Samples (5 ll) of brain homogenate, 12% sodium
dodecyl sulfate (SDS; 5 ll), and 10 ll of 10 times diluted 2,4dinitrophenylhydrazine (DNPH) from 200 mM stock were
incubated at room temperature for 20 min, followed by neu-

tralization with 7.5 ll neutralization solution (2 M Tris in
30% glycerol). Protein (250 ng) was loaded in each well on a
nitrocellulose membrane under vacuum using a slot blot apparatus. The membrane was blocked in blocking buffer (3%
bovine serum albumin) in PBS 0.01% (w/v) sodium azide and
0.2% (v/v) Tween 20 for 1 hr and incubated with a 1:100
dilution of anti-DNP polyclonal antibody in PBS containing
0.01% (w/v) sodium azide and 0.2% (v/v) Tween 20 for 1 hr.
The membrane was washed in PBS following primary antibody incubation three times at intervals of 5 min each. The
membrane was incubated after washing with an anti-rabbit
IgG alkaline phosphatase secondary antibody diluted in PBS in
a 1:8,000 ratio for 1 hr. The membrane was washed three
times in PBS for 5 min each and developed with Sigma fast
tablets (5-bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium substrate [BCIP/NBT substrate]). Blots were dried,
scanned in Adobe Photoshop, and quantiﬁed in Scion Image
(PC version of Macintosh-compatible NIH image). No nonspeciﬁc binding of antibody to the membrane was observed.
Protein-Bound HNE and 3NT
Samples (5 ll) of brain homogenate, 12% SDS (5 ll),
and 5 ll modiﬁed Laemmli buffer containing 0.125 M Tris
base, pH 6.8, 4% (v/v) SDS, and 20% (v/v) glycerol were
incubated for 20 min at room temperature and were loaded
(250 ng) in each well on a nitrocellulose membrane in a slot
blot apparatus under vacuum. The membrane was treated as
described above and incubated with a 1:5,000 dilution of antiprotein-bound HNE polyclonal antibody or 1:2,000 3NT
antibody in PBS for 1 hr 30 min. The membranes were further developed and quantiﬁed as described above. A faint
background staining resulting from the antibody alone was
observed, but, because each sample had a control, this minor
effect was controlled.
Western Blots
Samples (100 lg from cytosolic fraction) were incubated with sample loading buffer, and protein samples were
denatured and electrophoresed on a 12.5% SDS-polyacrylamide gel. Proteins were transferred to a nitrocellulose membrane at 90 mA/gel for 2 hr. The blots were blocked for
1 hr in fresh wash buffer (10 mM Tris-HCl, pH 7.5, 150
mM NaCl, 0.05% Tween 20, pH 7.4, containing 3% bovine
serum albumin) and incubated with a 1:1,000 dilution of
GPx, GR, or Pin1 monoclonal antibody in PBS for 1 hr.
The membrane was washed three times in PBS and was
incubated for 1 hr with an anti-rabbit IgG alkaline phosphatase secondary antibody diluted in PBS in 1:8,000 ratio. The
membrane was washed for three times in PBS for 5 min and
developed with Sigma fast tablets (BCIP/NBT substrate). In
all cases, nonspeciﬁc background labeling by secondary antibody was negligible. Blots were dried, scanned, and quantiﬁed in Scion Image.
Enzyme Activity Assay
GPx activity. GPx activity was measured by using a
reaction mixture consisting of 0.2 mM H2O2, 1.0 mM GSH,
0.14 U of glutathione reductase (GR), 1.5 mM NADPH,
Journal of Neuroscience Research
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Fig. 1. Pin1 protein levels in WT and APP/PS1 mice aged 9 months
(A) and 12 months (B) orally given NAC and normal drinking
water. Brain isolated from APP/PS1 mice given normal drinking
water had signiﬁcantly lower levels of Pin1 compared with WT mice

given normal drinking water in both age groups. Administration of
NAC to mice in both age groups had no effect on levels of this protein in brain. Mean 6 SEM, *P < 0.05, n 5 9 animals per group.

1.0 mM sodium azide, and 0.1 M phosphate buffer (pH 7.4)
and 1 mg/ml of supernatant protein (Wheeler et al., 1990).
The changes in absorbance were recorded at 340 nm in a
96-well microtiter plate, and enzyme activity was calculated as
nmol NADPH oxidized min21 mg21 protein.
GR activity. GR activity was measured by using a
reaction mixture consisting of 0.1 M phosphate buffer (pH
7.6), 0.5 mM EDTA, 1.0 mM oxidized glutathione, 0.1 mM
NADPH, and 10 ll PMS in a total volume of 200 ll (Carlberg and Mannervik, 1985). The enzyme activity was assayed
in a 96-well plate reader by measuring the disappearance of
NADPH at 340 nm and was calculated as nmol NADPH oxidized min21 mg21 protein.
Glucose-6-phosphate dehydrogenase activity. Glucose6-phosphate (G6PDH) was measured by using a standard
assay mixture [Tris-HCl buffer (0.05 M) pH 7.6, NADP1
(0.1 mM), MgCl2 (8 mM), and glucose-6-phosphate (0.8
mM)]. The reaction was monitored in a 96-well plate
reader by measuring the increase of absorbance at
340 nm.

RESULTS
NAC Effects on Levels of Pin1 in 9- and
12-Month-Old WT and APP/PS-1 Mice
Expression levels of Pin1 in 9- and 12-month-old
WT and APP/PS-1 mice are shown in Figure 1. APP/
PS-1 mice given normal drinking water had signiﬁcantly
decreased levels of Pin1 in brain compared with WT
mice in both age groups. Administration of NAC in
drinking water of APP/PS-1 mice slightly enhanced the
levels of Pin1 in these mouse brains relative to brains
from APP/PS-1 mice given normal water; however, this
result was not signiﬁcant in either age group. NAC had
no signiﬁcant effect on Pin1 levels in brain from WT
mice.

Statistical Analysis
Two-way ANOVA followed by a multiple-comparisons
test (Tukey HSD) was used to assess statistical signiﬁcance. P
< 0.05 was considered signiﬁcant.
Journal of Neuroscience Research

Effect of NAC on Protein Oxidation and
Lipid Peroxidation in Brains Isolated
From APP/PS-1 Mice
Protein carbonyls and protein-bound HNE are
indices of oxidative damage to proteins and lipids,
respectively (Butterﬁeld and Stadtman, 1997). Figures 2
and 3 show the levels of protein carbonyls and proteinbound HNE in brains from both 9- and 12-month-old
WT and APP/PS-1 mice of all treatment groups. Conﬁrming our previous studies (Abdul et al., 2008), there
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Fig. 2. Levels of protein carbonyls in brain isolated from WT and
APP/PS1 mice aged 9 months (A) and 12 months (B) given normal
drinking water and water containing NAC. In both age groups studied, APP/PS1 mice given normal drinking water had signiﬁcantly
higher levels of protein carbonyls than WT mice given normal water.
Addition of NAC to drinking water of APP/PS1 mice signiﬁcantly
suppressed levels of protein carbonyls in brain of APP/PS1 mice in
both age groups. Mean 6 SEM, *P < 0.05 n 5 9 animals per
group.

was a signiﬁcant elevation in protein carbonyls and
HNE-bound proteins in brains isolated from APP/PS-1
mice that were given normal water compared with the
levels in brain isolated from WT mice given normal
water (P < 0.05) in both age groups. Administration of
water containing NAC to APP/PS-1 mice signiﬁcantly
reduced the levels of brain protein carbonyls compared
with brain isolated from APP/PS-1 mice given normal
drinking water in both the 9- and the 12-month-old
mice (P < 0.05). Nine-month-old APP/PS-1 mice
given NAC also had signiﬁcantly lower HNE bound
proteins in brain compared with APP/PS-1 mice given
normal drinking water; however, this effect was not
observed in 12-month-old mice. NAC had no signiﬁcant effect on these parameters in brains from WT mice.

Fig. 3. Levels of protein-bound HNE in brain isolated from WT and
APP/PS1 mice aged 9 months (A) and 12 months (B) given normal
drinking water and water containing NAC. In both age groups studied, APP/PS1 mice given normal drinking water had signiﬁcantly
higher levels of protein-bound HNE than WT mice given normal
water. Addition of NAC to drinking water of APP/PS1 mice signiﬁcantly suppressed levels of protein-bound HNE in brain of APP/PS1
mice in the 9-month-old group only. Mean 6 SEM, *P < 0.05 n 5
9 animals per group.

Effect of NAC on Protein Nitration in Brains
Isolated From APP/PS-1 Mice
3NT is an index of nitrosative stress. Levels of this
protein modiﬁcation are increased in brains from MCI
and AD patients compared with controls (Smith et al.,
1997; Castegna et al., 2003; Sultana et al., 2006a,
2007a,b; Butterﬁeld et al., 2007b). Figure 4 shows the
levels of 3NT in brains from both 9- and 12-month-old
APP/PS-1 and WT mice. There was signiﬁcant elevation of 3NT in brains isolated from APP/PS-1 mice that
were given normal water compared with the levels in
brain isolated from WT mice given normal water (P <
0.05) in both age groups. Administration of water containing NAC to APP/PS-1 mice signiﬁcantly reduced
3NT levels in brain compared with APP/PS-1 mice
given normal drinking water in both the 9- and the 12Journal of Neuroscience Research
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isolated from APP/PS-1 mice given drinking water
devoid of NAC in both age groups (P < 0.05).
Brain GR activity for 9- and 12-month-old mice
from all treatment groups is shown in Figure 6. The
APP/PS-1 double mutation results in signiﬁcantly
decreased activity of GR in brain in both age groups;
however, the protein level of GR was unaffected (data
not shown). Oral administration of NAC signiﬁcantly
rescued GR activity in the 9-month-old APP/PS-1
mice compared with APP/PS-1 mice given normal
water only. However, NAC treatment of APP/PS-1
mice initiated at 7 months did not alter the antioxidant
activity of brain GR at 12 months compared with APP/
PS-1 mice given drinking water without NAC (Fig.
6B). It was interesting to observe that NAC treatment
also reduced GR activity in WT mice brain from 9- and
12-month-old animals (Fig. 6B).
G6PDH activity of both age groups is shown in
Figure 7. G6PDH activity was signiﬁcantly increased in
APP/PS-1 mice brains compared with WT mice brains
in both age groups (Fig. 7). Administration of NAC had
no apparent effect on the activity of this enzyme in
either 9- or 12-month-old APP/PS-1 and WT mice.

Fig. 4. Levels of 3NT in brain isolated from WT and APP/PS1
mice aged 9 months (A) and 12 months (B) given normal drinking
water and water containing NAC. In both age groups studied, APP/
PS1 mice given normal drinking water had signiﬁcantly higher levels
of 3NT than WT mice given normal water. Addition of NAC to
drinking water of APP/PS1 mice signiﬁcantly suppressed levels of
3NT in brain of APP/PS1 mice in both age groups studied. Mean 6
SEM, *P < 0.05 n 5 9 animals per group.

month-old age groups (P < 0.05). NAC had no signiﬁcant effect on 3NT levels in brains from WT mice.
Effects of NAC Treatment on Antioxidant
Enzyme Levels and Activities in Brains Isolated
From APP/PS-1 Mice
Oxidative stress inherently results in, or is predicated by, an alteration in antioxidants and antioxidant
enzymes (Butterﬁeld and Stadtman, 1997). Studies have
shown alterations in some antioxidant enzymes in the
brain from subjects with AD (Lovell et al., 1995; Marcus
et al., 1998) and MCI (Sultana et al., 2008). Figure 5
shows the activity and levels of brain GPx in the 9- and
12-month-old treatment groups. There was a signiﬁcant
reduction in both GPx levels and activity in brains isolated from APP/PS-1 mice that were given normal
water compared with brains isolated from WT mice
given normal water at each age examined (P < 0.05).
Administration of water containing NAC to APP/PS-1
mice signiﬁcantly augmented the protein levels and
activity of GPx in brain relative to the levels in brain
Journal of Neuroscience Research

DISCUSSION
Impairment of the central nervous system (CNS)
can often be caused by oxidative stress mechanisms,
leading to the development of some neurodegenerative
diseases. Oxidative stress is implicated in brains of subjects with MCI and AD (Smith et al., 1997; Markesbery,
1997; Butterﬁeld et al., 2001, 2006a,c, 2007a,b; Lauderback et al., 2001; Keller et al., 2005). Ab(1–42) is associated with increased free radical generation, leading to
protein and lipid oxidation (Varadarajan et al., 2000;
Butterﬁeld et al., 2001; Lauderback et al., 2001; Butterﬁeld and Lauderback, 2002). A comprehensive model
for neurodegeneration in AD combining two established
notions, viz. elevated oxidative stress in AD brain and
the centrality of Ab in the cause and consequences of
this disorder, was developed in our laboratory (Varadarajan et al., 2000; Butterﬁeld et al., 2001; Butterﬁeld and
Lauderback, 2002). Based on the substantial amount of
data supporting the concept that oxidative stress is implicated in AD, treatment with brain-accessible antioxidants
could be a promising approach to slow disease progression if given early enough in the disease.
Starting NAC treatment at 4 months and 7 months
groups was chosen based on previous pathological studies. APP/PS-1 mice develop elevated levels of Ab(1–42)
at about 6 months of age (Borchelt et al., 1996; van
Groen et al., 2006). Ab(1–42) deposition is observed at
9 months (Anantharaman et al., 2006), but frank plaques
are observed at 12 months of age (Anantharaman et al.,
2006). We hypothesized, based on this observation, that
administration of NAC at an early age (4 months old)
for a period of 5 months would reduce Ab(1–42)-mediated oxidative stress in APP/PS-1 mice at a later age
(9 months old), when Ab(1–42) begins to be deposited.
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Fig. 5. Top: Levels of GPx in brain isolated from WT and APP/
PS1 mice aged 9 months (A) and 12 months (B) given normal drinking water and water containing NAC. Equal amount of protein (100
lg) as assessed by the BCA assay was loaded per lane; GAPDH blot
corresponding to 9 month group is shown as a representative loading
control. In both age groups, APP/PS1 mice given normal water had
signiﬁcantly lower GPx activity than WT mice given normal water.
A signiﬁcant increase was observed in both age groups in GPx activity in brain isolated from APP/PS1 mice given NAC compared with

APP/PS1 mice given normal water. Mean 6 SEM, *P < 0.05. Bottom: Also shown is activity of GPx in brain isolated from WT and
APP/PS1 mice aged 9 months (A) and 12 months (B) given normal
drinking water and water containing NAC. In both age groups,
APP/PS1 mice given normal water had signiﬁcantly lower GPx activity than WT mice given normal water. A signiﬁcant increase was
observed in both age groups in GPx activity in brain isolated from
APP/PS1 mice given NAC compared with APP/PS1 mice given
normal water. Mean 6 SEM, *P < 0.05, n 5 9 animals per group.

We also posited that early administration of NAC (4
months old) would protect APP/PS-1 mice brains to a
superior degree compared with initiation of NAC
administration at a later age (7 months old), ending after
the onset of signiﬁcantly more Ab deposition, i.e., plaque formation. Because clinical signs of memory impairment in AD patients are thought to be preceeded by 20
years of accumulated neuropathological changes, this
study has implications for possible prevention of oxidative stress as a result of Ab.

Ab is produced by sequential cleavages of the amyloid precursor protein (APP) by b- and g-secretase.
Although the biochemical signiﬁcance has yet to be
established, processing of APP to Ab occurs via the nonamyloidogenic and amylogenic pathways. One hallmark
of AD pathology is signiﬁcant amounts of senile plaques
composed of Ab(1–40) and Ab(1–42), suggesting that
the amyloidogenic pathway is up-regulated in AD. It has
been suggested that Pin1 inhibition causes APP processing to follow the amylogenic pathway to produce more
Journal of Neuroscience Research
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Fig. 6. Activity of GR in brain isolated from WT and APP/PS1
mice aged 9 months (A) and 12 months (B) given normal drinking
water and water containing NAC. In both age groups, APP/PS1
mice given normal water had signiﬁcantly lower GR activity than
WT mice given normal water. A signiﬁcant increase was observed in
GR activity in brain isolated from APP/PS1 mice given NAC compared with APP/PS1 mice given normal water in the 9 month age
group only. Mean 6 SEM, *P < 0.05, n 5 9.

Ab(1–42) (Pastorino et al., 2006). APP is a substrate for
Pin1, which catalyzes a structural conformation of phospho-Ser/Thr-Pro for subsequent dephosphorylation by
phosphatases. In AD brain and models, the Thr668-Pro
motif has been shown to be increasingly phosphorylated,
leading to increased Ab production (Lee et al., 2003;
Pastorino et al., 2006) and possibly suggesting Pin1
impairment. By using proteomics, studies from our laboratory have observed decreased levels and/or oxidation
of this protein in MCI (Butterﬁeld et al., 2006b) and
AD (Sultana et al., 2006a, 2007a) brain. Consistent
with the notion of Pin1 involvement in APP processing,
we observed in the current study decreased levels of
Pin1 in APP/PS-1 mice brain from both age groups
(Fig. 1). Decreased levels of this protein in APP/PS-1
mice brain may contribute to the increased Ab load.
NAC administration to APP/PS-1 mice in both age
groups caused a slight elevation of Pin1 levels compared
with APP/PS-1 mice given water devoid of NAC; howJournal of Neuroscience Research
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Fig. 7. Activity of G6PDH in brain isolated from WT and APP/PS1
mice aged 9 months (A) and 12 months (B) given normal drinking
water and water containing NAC. In both age groups, a signiﬁcant
increase in G6PDH activity was observed in brain isolated from
APP/PS1 mice given normal water compared with brain isolated
from WT mice given normal water. Addition of NAC to drinking
water of APP/PS1 mice had no apparent effect on the activity of this
enzyme. Mean 6 SEM, *P < 0.05, n 5 9.

ever, the result was not signiﬁcant in brains from either
the 9- or the 12-month-old mice. Although not entirely
clear, it is possible that the diminished levels of Pin1 in
APP/PS-1 mice are the result of oxidative damage by
ROS produced by Ab(1–42) and subsequent degradation
of oxidized Pin1 by the 20S proteasome; this may also
explain why a slight (although not signiﬁcant) increase
in Pin1 levels was observed in APP/PS-1 mice given
NAC compared with APP/PS-1 mice given drinking
water. More studies are needed to prove or refute this
point decisively.
The oxidation of proteins by ROS may be responsible for damaging enzymes critical to neuronal function
(Varadarajan et al., 2000; Castegna et al., 2003). By
using proteomics, researchers in our laboratory identiﬁed
brain proteins that are signiﬁcantly oxidized in AD and
MCI (Castegna et al., 2002a,b, 2003; Sultana et al.,
2006a,b, 2007a,b; Butterﬁeld et al., 2006a,b, 2007a; Perluigi, 2009; Reed, 2009). The oxidative modiﬁcation of
proteins either by introduction of a carbonyl functional-
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ity or by nitration of tyrosine residues leads to alterations
in protein tertiary structure, which typically results in
altered activity (Butterﬁeld and Stadtman, 1997; Stadtman and Berlett, 1997). In the present study, we showed
the ability of in vivo NAC to reduce protein oxidation
as indexed by decreased protein carbonyls (Fig. 2A,B),
decreased protein-bound HNE (Fig. 3A,B), and
decreased 3NT (Fig. 4A,B) in brain isolated from APP/
PS-1 mice at 9 months of age, and, to a lesser degree,
from 12-month-old mice. The current data are consistent with the notion that elevation of GSH via NAC
(Pocernich et al., 2000, 2001) signiﬁcantly modulates
Ab(1–42)-mediated protein oxidation in this model of
MCI or early AD. This effect is more pronounced if
given prior to signiﬁcant Ab deposition.
Elevated levels of lipid peroxidation products, such
as HNE and acrolein, are observed in AD brain and in
MCI (Sayre et al., 1997; Markesbery and Lovell, 1998;
Lauderback et al., 2001; Mohmmad Abdul et al., 2006;
Reed, 2009; Perluigi, 2009). HNE and other reactive
alkenals can bind to proteins and render them inactive
(Lauderback et al., 2001). In the present study, for both
9- and 12-month-old mice, we observed signiﬁcantly
increased protein-bound HNE in brain of APP/PS-1
mice relative to that of WT mice (Fig. 3B). There was a
signiﬁcant reduction in protein-bound HNE levels in
brain isolated from APP/PS-1 mice that were given
NAC compared with APP/PS-1 mice given drinking
water in the 9-month-old group (Fig. 3B). The increase
in endogenous GSH levels following in vivo administration of NAC (Pocernich et al., 2000) may explain the
decreased protein-bound HNE levels, insofar as NAC
reacts avidly by Michael addition with alkenals such as
HNE and acrolein (Pocernich et al., 2001). No signiﬁcant difference was observed in levels of protein-bound
HNE in the brains of 12-month-old APP/PS-1 mice
given NAC relative to APP/PS-1 mice given drinking
water without NAC (Fig. 3B). The inability of NAC to
suppress signiﬁcantly the increased levels of proteinbound HNE in the brains of 12-month-old APP/PS-1
mice may be due to large amounts of HNE being
formed in the lipid bilayer as Ab levels increase (Anantharaman et al., 2006), whereas GSH, in contrast, resides
primarily in the cytosol. Also, because APP/PS-1 mice
produce signiﬁcantly higher levels of Ab(1–42) at about
6 months of age, initiation of NAC treatment at 7
months might have been too late to prevent the
observed increase in protein-bound HNE. This notion is
supported by the results from the 9-month-old age
group, which show that increased protein-bound HNE
in APP/PS-1 mice brain is ameliorated with administration of NAC begun at 4 months of age for 5 months, or
before the production of senile plaques. Reductions in
the level of lipid peroxidation products indicate less oxidative stress.
Protein-bound 3NT has been observed to be
increased in MCI, early AD, and AD brain (Smith et al.,
1997; Castegna et al., 2003; Sultana et al., 2006b,
2007b; Butterﬁeld et al., 2007b; Reed et al., 2009).

3NT is formed from the reaction of NO with superoxide, producing peroxynitrite, which reacts with CO2 to
form the nitrite radical that attacks the ortho position of
tyrosine residues on proteins (Butterﬁeld et al., 2007b).
Nitration of tyrosine residues results in changes in conformation, possibly altering protein function. By using
proteomics, researchers in our laboratory discovered several proteins that were increasingly nitrated in AD and
early AD brain compared with controls (Sultana et al.,
2006b; Reed et al., 2009). In the present study, we
observed signiﬁcantly increased levels of 3NT in brains
of mice isolated from APP/PS-1 mice compared with
brains isolated from WT mice in both the 9- and the
12-month-old age groups (Fig. 4A,B). Increased Abgenerated ROS in brains of APP/PS-1 mice is likely the
cause of the observed increased protein nitration. Oral
administration of NAC signiﬁcantly suppressed 3NT in
APP/PS-1 mice brains compared with brains isolated
from APP/PS-1 mice given normal drinking water. As
hypothesized for protein-bound HNE ﬂuctuations, the
increase in endogenous brain GSH levels after administration of NAC conceivably could explain the decreased
3NT levels; however, the free thiol group of NAC also
is capable of scavenging NO via N2O3 directly to produce a nitrosothiol. Therefore, the antioxidant protection afforded by NAC from protein nitration may be
the result of multiple mechanisms in vivo.
Diminished levels or activities of antioxidant
defense enzymes render biomolecules vulnerable to
oxidative modiﬁcations, contributing to various CNS
disorders, including AD. Several potential antioxidant
compounds to prevent Ab-induced toxicity are under
investigation (Anderson and Luo, 1998; Behl, 2002;
Grundman and Delaney, 2002; Boyd-Kimball et al.,
2005). NAC is a superior intracellular antioxidant and
precursor of GSH relative to cysteine, because of the Nacetylation modiﬁcation that increases lipophilicity and
mobility across cell membranes. Moreover, cysteine,
given as a drug, is toxic. Previously, our laboratory
showed that rodents injected i.p. with NAC had signiﬁcantly increased levels of brain GSH and were protected
from protein and lipid oxidation (Koppal et al., 1999;
Pocernich et al., 2000). In the present study, we measured the levels and activities of key enzymes involved in
GSH metabolism, GPx and GR, in brains isolated from
APP/PS-1 and WT mice.
GPx protects neurons from oxidative stress by catalyzing the reduction of H2O2 at the expense of GSH
(Sies, 1999; Hansen et al., 2005). In this study, we
observed a signiﬁcant decreased GPx level and activity,
as well as decreased GR activity, in brain isolated from
APP/PS-1 mice compared with WT mice in both age
groups (Fig. 5). The decreased activity in brains of APP/
PS-1 mice conceivably could be due to oxidation of
these proteins by ROS generated by Ab. Consistent
with this notion, oral administration of NAC to APP/
PS-1 mice signiﬁcantly suppressed protein oxidation
(Figs. 2, 3) and protein nitration (Fig. 4) and augmented
GPx activity in brain compared with APP/PS-1 mice
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that were given plain drinking water (Fig. 5). NACinduced increased GSH would likely scavenge ROS
generated by Ab in these mice, preventing oxidation
of proteins and, thereby, preserving their activities. GR
activity in APP/PS-1 mice was rescued by NAC treatment only in the 9-month-old group, which may indicate that administration of antioxidants after development of plaques in these animals is unable to defend this
protein from the high levels of ROS and protein oxidation. Abdul et al. (2008) recently showed that nitration
and oxidation in APP/PS-1 mice increase as a function
of age, which is consistent with this hypothesis. The
ﬂuctuation in levels of GPx observed in this study is not
entirely clear; however, lower levels and activity of GPx
in brain isolated from APP/PS-1 mice (compared with
WT) confer reduced clearance of cytosolic H2O2 and,
therefore, increased intracellular ROS. NAC increased
the activity and expression of this enzyme in vivo,
resulting in more clearance of H2O2 and less ROSmediated protein oxidation and lipid peroxidation, as
observed in this study. Decreased GR activity would
lower the rate at which GSSG is recycled to the reduced
form, thereby altering the GSH/GSSG ratio, which is
critical to the antioxidant and redox status of a cell. No
alterations in GR levels were observed in either age
group, regardless of treatment. However, GR activity of
WT mice was reduced by NAC treatment. This is
entirely reasonable, insofar as elevated GSH via NAC
would preclude the need to reduce GSSG back to GSH,
so lower activity of GR in brains of WT mice treated
with NAC was observed.
G6PDH is an intracellular enzyme involved in the
pentose phosphate pathway, which catalyzes the conversion of glucose-6-phosphate to 6-phosphogluconolactone, producing NADPH as a byproduct. NADPH provides the reducing electrons in the conversion of GSSG
to GSH by GR. In this study, we observed signiﬁcantly
increased activity of G6PDH in brains of APP/PS-1
mice relative to brains isolated from WT. An increased
activity of this enzyme in APP/PS-1 mice brain relative
to WT suggests increased NADPH production, which
favors the reduction of GSSG to GSH (Bolanos et al.,
2008), possibly indicating cross-talk between these pathways. That GR activity was not fully restored to the
level of WT mice at 9 or 12 months of age in NACtreated APP/PS-1 mice suggests that elevated NADPH
and elevated GSH were not sufﬁcient to overcome Abmediated loss of activity. Increased NADPH may also
serve as a defense mechanism for preserving the reducing
environment of a cell. However, increased activity of
this enzyme in brains of APP/PS-1 mice also could be
the result of activation by NO stress, which is feasible
considering that we observed signiﬁcant increases in
3NT in both age groups of APP/PS-1 mice (Fig. 4) as
well as a slight decrease in activity of G6PDH in APP/
PS-1 mice treated with NAC (though not signiﬁcant;
Fig. 7; Bolanos et al., 2004). Increased NADPH can also
stimulate NADPH oxidases, which would increase intracellular superoxide (O–2 ) content. Therefore, the
Journal of Neuroscience Research

2627

increased activity of this enzyme could have several
downstream effects related to oxidative stress.
The ability of in vivo NAC to prevent endogenous
oxidative stress, likely resulting from increased
Ab(1–42), in the APP/PS-1 mouse model of AD could
also be related to its other properties, such as its antiinﬂammatory activity and/or its ability to activate several
other protective signaling pathways (Zafarullah et al.,
2003). Thus, we suggest that multiple biological functions of NAC could potentially contribute to counteract
Ab-driven neurotoxicity in the APP/PS-1 mice brain.
However, its antioxidant capability and role as a GSH
precursor clearly are important. Consistent with this
notion, we showed decreased protein oxidation, nitration, and lipid peroxidation in APP/PS-1 mice orally
administered NAC in vivo. Extrapolation of the results
of the current study to subjects with MCI and AD suggests that earlier administration of NAC has protective
advantages for treatment of oxidative stress-mediated
neurodegenerative disorders compared with treatment at
a later age. This observation has implications for the
therapy of AD. In general, AD clinical trials using antioxidants have been disappointing (Boothby and Doering,
2005). Even in MCI, vitamin E reportedly did not slow
conversion to AD (Petersen et al., 2005). Nevertheless,
the current study suggests that, begun early enough,
defense against oxidative stress in vivo by elevation of an
endogenous antioxidant might have promise in slowing
progression of AD. Studies to test this notion and to elucidate further the mechanistic aspects of neuroprotection
implied by lower oxidative stress following oral administration of NAC in the APP/PS-1 mouse model of MCI
and AD are in progress.
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